Cs x K y Sb photocathodes were manufactured on a niobium substrate and evaluated over a range of temperatures from 300 to 77 K. Vacuum conditions were identified that minimize surface contamination due to gas adsorption when samples were cooled below room temperature. Measurements of the photocathode spectral response provided a means to evaluate the photocathode band gap dependence on the temperature and to predict the photocathode quantum efficiency at 4 K, a typical temperature at which superconducting radio frequency photoguns operate.
I. INTRODUCTION
Alkali-antimonide photocathodes have been used since the 1950s for a wide range of applications, including photodetectors and emitters [1] , and more recently as electron sources inside photoguns that generate relativistic picosecond-long electron bunches to form high-brightness, high-average current electron beams for accelerator applications such as high-power free electron lasers and energy recovery linacs (ERLs) [2, 3] . Alkali-antimonide photocathodes are most often operated at ambient temperature; however, some applications require or benefit from operation at cryogenic temperatures. For example, in neutrino physics experiments the photomultipliers tubes (PMTs) must operate at temperatures below 200 K while maintaining a high quantum efficiency (QE > 10%) and fast response times (<1 ns) [4] . Similarly, cooling reduces the detector's thermionic dark current for astronomical photometry PMTs [5] .
Recent cw accelerator initiatives requiring an unprecedented high-average beam current of the order of 100 mA for electron coolers [6] and high repetition rate ERLs [7] have focused on utilizing alkali-antimonide photocathodes inside superconducting radio frequency (SRF) photoguns, which effectively combines the extremely high gradient capability of the SRF photogun operated in the cw mode with the proven robustness of this type of photocathode [2, 3] . An SRF photogun can be designed to accommodate a photocathode at room temperature [8] , but, from a thermal engineering perspective, it would be better to operate the photocathode at a cryogenic temperature. And cold photocathodes enable compelling physics research, providing reduced intrinsic emittance to meet the transverse coherence length requirements of state-of-the-art ultrafast electron diffraction (UED) and inverse Compton scattering applications [9] .
For PMTs, when photocathodes are grown on transparent nonconductive substrates, operation at a cryogenic temperature causes sensitivity loss due to the increased photocathode resistivity [4] , but this is not a problem for photocathodes grown on electrically conductive substrates. Any reduction in quantum efficiency (QE) observed when a photocathode is cooled must be a result of adsorbed gas contamination on the photocathode surface and/or the shifting band gap that results from mechanical stress on the photocathode crystal structure. Brookhaven National Laboratory researchers reported a drop in QE of about 20% when a K 2 CsSb photocathode was cooled to 166 K inside their 704 MHz SRF gun [10] , while Cornell researchers reported a drop of ∼80% in QE at 680 nm when a Cs 3 Sb was cooled to 90 K inside a 20 kV dc gun [9] .
In this work, we describe the successful fabrication of Cs x K y Sb photocathodes on a niobium substrate. The photocathodes demonstrated reasonably high QE at room temperature in the range of 5%-13% at 532 nm. These values are comparable to Cs x K y Sb photocathodes grown on other substrates [11, 12] . When samples were cooled to 196 and 77 K, the QE values decreased due to the expected modification of the semiconductor band gap [13] . Photocathode QE also decreased when samples were cooled as a result of surface contamination caused by gas adsorption [10] , but this ill effect could be minimized by reducing the water partial pressure inside the vacuum apparatus. In contrast to the referenced work mentioned above, the photocathode QE at 532 nm decreased by only ∼50% when the photocathode was cooled from room temperature to 77 K. By measuring the photocathode QE spectral response over a wide range of temperatures, the band gap dependence on the temperature was empirically determined and extrapolated to 4 K, which is the nominal liquid helium operating temperature of L-band SRF photoguns [14] .
II. EXPERIMENTAL DETAILS
Photocathodes were manufactured inside the vacuum apparatus described in Ref. [11] . A niobium substrate (15 × 15 × 1 mm) cut from an ingot of large-grain niobium was polished with 1 μm diamond grit to achieve a surface roughness of ∼10 nm rms [15, 16] . The niobium substrate was attached to the end of a sample holder composed of a hollow stainless steel tube with a thin stainless steel and molybdenum end plate using a thin tantalum retaining ring. The sample holder was designed to accommodate a heater but also served as a cryostat when the heater was removed. For these measurements, the sample holder was filled with ice water, dry ice (frozen CO 2 ), or liquid nitrogen (LN 2 ). The substrate remained cold for many hours with just one filling. A thermal analysis of the sample holder indicated that the substrate temperature was nearly identical to the temperature of the ice water, frozen CO 2 , or LN 2 .
To make a photocathode, the niobium substrate was heated to 600°C for 4 h to rid the surface of adsorbed gas and then allowed to cool. Antimony was then deposited onto the substrate at 200°C, followed by codeposition of alkali species at 120°C. A number of photocathodes were manufactured. For subsequent reactivation of photocathodes, the old photocathode was heated to 200°C for 2 h to dissociate and desorb the retained alkali. Heat cleaning at a higher temperature was avoided, because the Sb was observed to diffuse into the Nb substrate. This approach resulted in increasing Sb thickness for repeated photocathode activations. For the first fabrication, Sb pellets were heated inside a sapphire crucible by passing an electrical current through a tungsten heater for 25 min. For later reactivations, the Sb evaporation duration was reduced to 10 min. The partial pressure of Sb was 6.0ðAE0.5Þ × 10 −8 Pa as measured using a residual gas analyzer (RGA). (Note that the total pressure reported by the RGA compared reasonably well to the total pressure of the system as inferred by the ion pump current reading. Although absolute pressure values are reported here, the RGA served primarily as a tool to measure relative pressure changes.) The antimony thickness for the studied activations ranged from ∼0.3 to 1.0 μm, based on calibration studies performed previously [11] . During alkali deposition, the photocathode was biased at −284 V and illuminated with a low-power green laser (4 mW, 532 nm). Alkali as a mixture of Cs and K was evaporated from an effusion source, and the alkali deposition continued until the photocurrent reached a maximum value. The details of the activation process are available in Ref. [11] .
A vacuum was achieved using nonevaporable getter pumps (two GP100 MK5 flange-mounted pumps and two WP950 NEG modules from SAES® Getters, with a hydrogen pumping speed of 480 and 2300 Ls −1 , respectively) and an ion pump (45 S Titan ion™ pump from Gamma vacuum with a nitrogen pumping speed of ∼40 Ls −1 ). A turbo-molecular pump was used to pump down the apparatus, to achieve a vacuum level suitable to energize the ion pump. Two vacuum conditions were studied, baked and unbaked, with the key difference being the amount of residual water vapor inside the chamber.
III. RESULTS AND DICUSSIONS
Initially, a photocathode was fabricated in the vacuum chamber that had been vented with clean dry nitrogen but not baked. Under these conditions, the total pressure was ∼1.8 × 10 −7 Pa, and the partial pressure of H 2 O was ∼1.7 × 10 −8 Pa. The photocathode QE at 532 nm was evaluated while the sample was repeatedly cooled to 77 K and allowed to return to room temperature. Photocathode QE at 532 nm was expected to decrease at cold temperatures because of the temperature-induced band gap increase and due to a reduction in occupied defect states above the valence band level [1, 13] , but, upon letting the sample warm to room temperature, the QE did not return to the original value, indicating that the photocathode surface had become contaminated by adsorbed gas while cold (Fig. 1) . Photocathode QE could be fully restored by briefly heating the sample to ∼185°(AE15°) C which served to desorb the contamination, thereby restoring a clean surface condition. The QE increase was accompanied by a transient rise in H 2 O partial pressure, supporting the speculation that water vapor was the source of the contamination. Notice in Fig. 1 that, after brief heating and QE recovery, the behavior could be reproduced, with a QE reduction occurring each time the sample was cooled to the liquid nitrogen temperature, and QE restoration achieved by sample heating.
The vacuum chamber was baked at 180°C for 72 h, and another Cs x K y Sb photocathode was grown on the original niobium substrate. For baked vacuum conditions, the total pressure was ∼2.2 × 10 −8 Pa, and the partial pressure of H 2 O was ∼9.3 × 10 −10 Pa. Under these improved vacuum conditions, with each cooldown from room temperature, the photocathode QE at 532 nm was consistently between 6.2% and 7.5% (see Fig. 2 ). Photocathode QE at room temperature increased from 7% to 13% during the first three cryogenic cycles, suggesting an abundance of alkali upon initial fabrication and the gradual optimization of the photocathode stoichiometry over time [17] .
A comparison of vacuum chamber partial pressures, unbaked versus baked conditions, highlighted the enhanced presence of chemically reactive species H 2 O in the unbaked vacuum chamber, but other gas species, H 2 , CH 4 , CO 2 , and Ar, were present at enhanced levels, too, and these gases might also play a role in QE reduction at cryogenic temperatures [10] .
The photocathode that was fabricated in the baked vacuum chamber was studied further using a wavelength tunable white-light supercontinuum laser [18] to evaluate the photocathode QE spectral response from 425 to 825 nm at three temperatures: 275, 195, and 77 K. The experimental spectral response data were fitted according to a model developed by Fowler [19] :
FIG. 1. Photocathode QE at 532 nm following successive iterations of sample cooling and heating inside the unbaked vacuum chamber. Note that QE did not restore following a return to room temperature, indicating that the vacuum conditions promoted surface contamination via gas adsorption. The blue text boxes indicate the temperature at which the sample was heated to rejuvenate the QE and the percentage increase in H 2 O partial pressure relative to the system total pressure during the brief heating period, as reported by the RGA.
FIG. 2.
Photocathode QE at 532 nm following successive iterations of sample cooling and heating inside the baked vacuum chamber. Photocathode QE at 77 K was consistently ∼6% to 7%, and when the sample was returned to room temperature, photocathode QE actually increased from ∼7% to 13%.
where
is the photoemission threshold (photoelectric work function) and B is a term related to the material's electron density of states, the optical reflectivity, and electron transport to the surface and is indirectly related to the initial QE at RT immediately prior to cryogenic measurement. The term E g is the band gap energy, and E A is the electron affinity. For x ¼ ð hν−V o κ B T Þ, the term fðxÞ can be expanded using the following series approximation:
ð2Þ Figure 3 shows the QE spectral response measurements with fits based on Fowler's model for various temperatures.
Using these fits, the photoemission threshold V o and parameter B were determined for each temperature, allowing the determination of the temperature-dependent functions V o ðTÞ and BðTÞ as shown in Fig. 4 .
From the fits shown in Fig. 4 , the photoemission threshold V o and parameter B were evaluated at 4 K, which is a typical operating temperature of an SRF photogun. Figure 5 shows the spectral response curves of the Cs x K y Sb photocathode evaluated at 273, 195, and 77 K together with Fowler model fits and the estimated spectral response at 4 K (solid line). The model-based estimated QE of the Cs x K y Sb photocathode grown on a Nb substrate at 4 K and 532 nm is about 1.4%, assuming the initial QE of 11.5% at room temperature. It must be noted that Fowler's model is based on the Fermi free electron model, which is a good approximation for metal photocathodes, because it assumes the photoemission threshold V o to be independent of the temperature. From the plots above, this is obviously not true of the Cs x K y Sb semiconductor photocathode. So, from a photocathode physics perspective, our analysis of the spectral response data is not explicitly correct, but rather it represents an expedient practical means to extrapolate QE data to 4 K.
IV. DISCUSSION
The temperature dependence of Cs x K y Sb photocathodes grown on a niobium substrate was evaluated, providing benchmark QE values for low emittance beam applications such as UED and to suggest possible use at a cryogenic temperature inside SRF photoguns, which are considered an ideal choice for accelerator applications that require continuous wave beams at high-average current and bunch charge [20, 7] . Under vacuum conditions that minimize the presence of water vapor, the observed QE decrease associated with operation at cold temperatures was inferred to be predominantly related to mechanical stress and the associated shifting of the band gap energy. Our experimental results span a relatively broad range of temperatures, from 300 to 77 K, allowing fitting of the data using the photoemission model of Fowler [19] . The extrapolation of measurements to 4 K suggests that Cs x K y Sb photocathodes grown on Nb substrates could provide QE ∼1.4% at 532 nm, which is sufficiently high to support the production of highaverage current, milliampere beams using typical commercial lasers. Our extrapolation assumes that the electrical resistivity of the Cs x K y Sb photocathode does not increase at 4 K [4, 13] . It is possible that successful photocathode operation at 4 K could simplify SRF photogun design, for example, by reducing the cryogenic burden on the liquid helium source and by minimizing the complexity of the rf choke joint that is difficult to design when the photocathode and surrounding surfaces are at different temperatures.
